During routine metallographic investigations of some fully processed, non-oriented, electrical steel sheets, the typical MnS inclusions were not observed in the microstructures. In the MS-type sulphides, the manganese was substituted by magnesium. A systematic ex-situ characterisation of the non-metallic, magnesium-containing inclusions was carried out and the origin of the inclusions was proposed. The inclusions' chemistry and morphology were investigated by light microscopy and field-emission scanning electron microscopy. The non-metallic, magnesium-containing inclusions were classified as complex sulphides, oxides and spinels. Magnesium was also detected as being co-precipitated with other non-metallic inclusions, like nitrides. The form of the co-precipitated magnesium inclusions was predetermined by the shape of the thermodynamically most stable inclusions.
Introduction
The demand for non-oriented electrical steels will continue to grow in the coming years, and to achieve better performance with electrical devices, improved qualities of electrical steel sheets need to be developed. There have been reports about a new generation of high-permeability, lowcore-loss, non-oriented, electrical steel sheets based on an improved alloy purity. 1, 2) In addition, the production of cleaner steels has led to a growing emphasis on the proper control of non-metallic inclusions. 3) Non-oriented, electrical steel sheets are produced from Fe-Si-Al alloys. The production process for these steels and their chemical compositions are left to the discretion of the manufacturer. It is well known, for example, that by adding silicon to iron a ferrite microstructure can be guaranteed, the electrical resistivity can be increased, the eddy-currents are diminished and the core losses are reduced. 4) However, a very low carbon content is necessary to ensure the optimum grain size and to prevent magnetic aging. 4) Aluminium additions also lower the core-loss value by increasing the electrical resistivity of the steel. 4) Furthermore, aluminium is the most commonly used nitrogen getter in electrical steels. 5) A classical method used by metallurgists to control both the microstructure and the texture of electrical steels is to control the precipitation of second-phase particles that are able to pin the grain boundaries. 6) In silicon steels, for non-oriented, electrical steel sheets, aluminium and manganese form AlN and MnS, respectively. These non-metallic inclusions act as grain-growth inhibitors during the recrystallization. AlN and MnS can precipitate because the solubility of the nitrogen and the sulphur in the steel decreases with decreasing temperature. In addition to Al and Mn, other elements can also form non-metallic inclusions and precipitates. [7] [8] [9] [10] The presence of these second-phase particles plays an important role. They can have a negative effect on the primary and secondary recrystallization, the texture formation and the magnetization behaviour of electrical steel sheets. [10] [11] [12] [13] [14] Surprisingly, in our metallographic investigation of fully processed, non-oriented, electrical steel sheets made of FeSi-Al-Mn alloys, the typical MnS inclusions were not found in the microstructures. Instead, magnesium sulphides were detected.
In recent years, a number of studies focusing on the influence of different chemical elements on the morphology of non-metallic inclusions in grain-oriented and non-oriented electrical steel have been reported, [7] [8] [9] [10] 11, [15] [16] [17] but none of these studies looked at the influence of magnesium.
The aim of the present paper, therefore, is to identify and classify the magnesium-containing inclusions in fully processed, non-oriented, electrical steel sheets by assessing their composition, morphology and origin.
Materials and Experimental Procedures
The samples for metallographic analyses were selected from 26 different coils of 0.5-mm-thick, non-oriented, electrical steel sheet with a nominal chemical composition: Fe -2.1 mass% Si -1 mass% Al. The chemical composition's minimum and maximum values for the analysed samples are given in Table 1 . The chemical composition of the samples was determined using ICP-AES emission spectrometry, gra-ISIJ International, Vol. 51 (2011), No. 12 vimetry and spectrophotometry.
For the metallographic analyses the samples were ground and polished according to standard metallographic techniques. The metallographic analyses of the non-metallic inclusions were performed using light microscopy and fieldemission scanning electron microscopy. The scanning electron microscope was equipped with an energy-dispersive spectrometer.
In this study, the FE-SEM/EDS analyses of the non-metallic inclusions were performed at a 15-kV accelerating voltage. The interaction volume of the EDS at 15 kV was large enough to partially encompass the matrix along with the inclusions; however, within the detection limits of this technique.
In FE-SEM/EDS analyses the teardrop-shaped interaction volume extends from less than 100 nm to around 5 μm into the surface, depending on the element and the accelerating voltage. The factors that determine the detection limits of the EDS are the counting time, the accelerating voltage, the beam current, the line used to measure the element and the compositions of both the sample and the standards. The theoretical detection limits in SEM-EDS measurements are about 0.08 mass%, depending on the element and the sample matrix.
18)

Results
Microstructural Analysis
Since the aim of this study was to determine the effect of magnesium on the chemistry and the morphology of nonmetallic inclusions in Fe-Si-Al alloys for non-oriented, electrical steel sheets, the identification and characterization of the magnesium inclusions were performed on selected samples of fully processed steel sheets with a nominal chemical composition of Fe -2.1 mass% Si -1 mass%Al. The representative, non-metallic inclusions containing magnesium were analysed. Figure 1 shows a typical microstructure of non-oriented, electrical steel sheet, composed of recrystallized ferrite crystal grains with many non-metallic inclusions.
The chemical compositions of the non-metallic inclusions that were found in the microstructures were determined using FE-SEM/EDS. The inclusions were classified into sulphides and oxysulphides, oxides, and nitrides.
Non-metallic Inclusions
Sulphides and Oxysulphides
Fe-Si-Al alloys for the production of non-oriented, electrical steel sheets can contain from 0.1 to 0.3 mass% Mn, which ensures the formation of MnS. Our FE-SEM/EDS analyses of selected inclusions revealed that in typical sulphide inclusions of the MS-type there was no manganese present. Figure 2 shows a representative MS-type inclusion embedded in a ferrite matrix. Using X-ray elemental mapping the distribution of the elements shows the predominant presence of magnesium and sulphur in the selected elongated inclusion.
Moreover, magnesium was also detected in complex sulphide and oxysulphide inclusions. Figure 3 presents a SE image of a typical sub-micron spherical inclusion. Its chemical composition is given in Table 2 .
From the results of FE-SEM/EDS analysis given in Table  2 a type of complex inclusion can be characterized. From the EDS analysis it could be determined as a complex sulphide of the (Mg, Cu)xS type. Both Mg and Cu possess a limited solubility in ferrite, which decreases with decreasing temperature. 19) Due to the high contents of magnesium and copper in these non-oriented, steel sheets the magnesium and copper can precipitate, thus forming a sulphide.
Groups of spherical inclusions were also observed in the microstructures. A small group of spherical inclusions can be seen in Table  3 .
Oxides
Oxide inclusions indentified in the examined microstructures were predominantly spinels of the MgO·Al2O3 and MgO·Al2O3-CaO types, of irregular shapes and lengths of several micrometers. A typical spinel of the MgO·Al2O3-CaO type can be seen in Fig. 5 . This evidently non-deformable spinel inclusion is irregular in its morphology. Table 4 gives its complex chemical composition. Spectra 2 and 3 denote the chemical composition at two different points, whereas spectrum 1 represents the chemical composition of the steel matrix.
Nitrides
In addition, the magnesium was found to be co-precipitated with nitride inclusions. In Fig. 6 an AlN inclusion is presented with the X-ray elemental mappings for Al, Fe, N, Mg, and S. Based on these results, it could be assumed that the magnesium co-precipitated with the AlN. This coprecipitation could take place at the free surfaces, e.g., at inclusions where a heterogeneous nucleation is favoured. Furthermore, magnesium was also found being coprecipitated with other non-metallic inclusions containing nitrogen and oxygen. From Fig. 7 and the corresponding Table 6 the complexity of the precipitates can be seen. It is clear from the results of the EDS analysis given in Table 6 that the precipitates have a very complex chemical composition with one common aspect: all of them contain large amounts of zirconium, and smaller amounts of magnesium. The analyzed particles also contained titanium and, in certain parts, calcium was detected, as is evident from the results given in Table 6 . Spectrum 5 in Table 6 represents the chemical composition of the steel matrix, which is also given in Table 1 .
The results show very good agreement between the classical quantitative techniques of analytical chemistry and the FE-SEM/EDS analysis. The high concentrations of silicon in the inclusions were apparent due to the large interaction volume of the EDS technique, described in Section 2.
Discussion
It is well known that the non-metallic inclusions in steels can be classified as primary inclusions, formed during the refining stage, and secondary inclusions, precipitated during solidification and afterwards. Depending on the generation source, non-metallic inclusions can be endogenous and exogenous. Endogenous inclusions in steels are mainly formed in a deoxidation process, while exogenous are caused by the reoxidation of molten steel, slag entrapment and the breakdown of refractory materials. 3) In a systematic, ex-situ characterisation of the non-metallic inclusions of fully-processed, non-oriented, electrical steel sheets, magnesium was detected in the sulphides, oxysulphides, spinels, nitrides and other complex inclusions. The variable size of the non-metallic magnesium inclusions ranged from submicron to several micrometers in length. Most of the small, submicron inclusions were of spherical or polygonal shape. The bigger magnesium inclusions were predominantly elongated in the rolling direction. The non-metallic magnesium inclusions indentified in this case study were classified as primary and secondary formed inclusions. The examined non-metallic inclusions were of endogenous as well as exogenous origin.
Magnesium is an element with a high affinity for oxygen and sulphur. Magnesium also has a very low solubility in iron, which decreases with decreasing temperature. 19) This low solubility of Mg in Fe is due to the very large size mismatch between the two alloy components. 20) In addition, this magnesium has a very high vapour pressure at steelmaking temperatures.
During vacuum refining, the magnesium solubility at the steel-bath surface is only about 5 ppm, while at a depth of 1 m the apparent solubility of the magnesium is about 300 ppm. 21) This shows that even at a very low external pressure there are thermodynamic conditions under which the reaction of magnesium with molten steel occurs.
Magnesium, which was found in the non-metallic inclusions of representative samples of non-oriented, electrical steel sheet, could originate from two sources. Firstly, from non-metallic additions to the molten steel during the processing, e.g., MgO-containing dolomite, which is used before the oxidation of C, P, Al, and Si. MgO-containing dolomite is important for the chemistry of the slag and its foaming; it leads to the formation of a slag saturated with MgO, which can minimize lining wear. 22) Secondly, from refractories that contain magnesium oxide. These refractories are ubiquitous in secondary steelmaking and they easily interact with highly deoxidized steels. 23) Various reductants could act as the reducing agent for MgO, e.g., Al, C, Si. 24) Comparing the reactions of the reduction of MgO in molten slag and in refractory material, the reaction in molten slag is more dominant.
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The molten steel is deoxidized by aluminium; therefore, an aluminothermic reduction of the magnesium oxide is possible. In modern electrical steels, the aluminium content is also higher than the stoichiometric value required for the precipitation of AlN, which is necessary for the prevention of magnetic aging.
Assuming the aluminothermic reduction of magnesium oxide, the dissolved aluminium is able to reduce magnesia at temperatures higher than 1 823 K, but only when the amount of dissolved aluminium is high and when the chemical potential of the oxygen in the melt is very low. 26) It was reported [27] [28] [29] that the aluminothermic reduction of magnesium oxide can be roughly classified into two stages. During the first stage, spinel is formed, as evident from Eq. (1). 
The free energy change of equilibrium reaction, ∆G°, can be related to its equilibrium constant, K.
29)
The equilibrium constant of reaction (1) is expressed by:
... (4) where Ki is the equilibrium constant of reaction, ai is the activity, and fi is the activity coefficient of the component. During the second stage, the spinel can further be reduced by aluminium. Accordingly, the equilibrium constant of reaction (5) is:
... (7) The standard states of the oxides are taken as pure solids in Eqs. (1) and (5).
The strong deoxidation of molten steel by aluminium generates Al2O3 particles, which tend to form clusters and remain in the molten steel as inclusions. These are harmful, not only for the mechanical properties of steel products, but also for the manufacturing process, because they cause the nozzle-blockage problems that are encountered in continuous casting. 25, 30, 31) If the dissolved magnesium in the melt reacts with the dissolved oxygen, it can be written as: 25, 27) Mg ( Spinel (MgO·Al2O3) is known as one of the most harmful non-metallic inclusions in steel. Such inclusions have a high melting point and are hard, very harmful to the quality of the final products, especially the mechanical properties and the surface quality of steels. 25, 26, [33] [34] [35] Therefore, it is very important to avoid the formation of spinel in the deoxidation process of steel. 33) It was reported that the magnesia content in ladle slag increases during the operation due to the dissolution from the refractory material. 36, 37) Oxide magnesium inclusions found in the examined samples of non-oriented electrical steel sheets were predominantly complex spinels of the MgO·Al2O3 and MgO·Al2O3-CaO type. Calcium is generally used for the modification of alumina inclusions. 25, 31) A typical MgO·Al2O3-CaO spinel is represented in Fig. 5 . Its chemical composition is given in Table 4 . Spinels could be classified as primary inclusions formed during the steel-refining process.
On the other hand, the presence of sulphur in the steel melt results in the formation of sulphide inclusions. The maximum volume fraction of the sulphides (and oxysulphides) is determined by the contents of S (and O) in the melt.
The typical MnS inclusions were not observed in the examined microstructures of fully processed, non-oriented, electrical steel sheets, which is evident from Due to the fact that because of the reduction of magnesium oxide the magnesium was present in the steelmaking process, and that the magnesium sulphidization energy is greater than that of manganese, MgS inclusions instead of MnS were formed.
The formation of MgS, e.g. desulphurization with magnesium, can be written as: 24) Mg ( The image of a MgS inclusion embedded in a ferrite matrix is shown in Fig. 2 .
Furthermore, complex sulphides of the (Mg, Cu)xS type were also detected. A typical representative is shown in Fig.  3 . Due to the high contents of magnesium and copper in these non-oriented, steel sheets the magnesium and copper can precipitate, thus forming a sulphide of the (Mg, Cu)xS type. Both Mg and Cu possess a limited solubility in ferrite, which decreases with decreasing temperature. 19) Precipitation reactions are thermally activated atomic movements induced by the change of temperature, and from a metastable supersaturated solid solution stable or metastable precipitates are formed, resulting in a more stable solid solution with a composition closer to the equilibrium. 39) Complex spherical inclusions containing magnesium, calcium, sulphur and oxygen were also observed in the microstructures. They can be seen in Fig. 4 . The investigated magnesium-containing sulphides and oxysulphides are most probably the secondary inclusions, which were formed during solidification.
During the production route of the non-oriented, electrical steel sheets the magnesium also co-precipitated on other inclusions formed in the steel, e.g., the AlN and complex nitrides presented in Figs. 6 and 7.
The reaction equilibrium for the formation of AlN inclusions can be written as: As the temperature drops during the solidification and since the solubility of Mg in ferrite decreases with decreasing temperature, magnesium could co-precipitate with AlN and with other non-metallic inclusions. The form of the coprecipitated magnesium inclusions was predetermined by the shape of the thermodynamically most stable inclusions.
Conclusions
In the microstructures of non-oriented, electrical steel sheets magnesium sulphides and other non-metallic magnesium inclusions were detected. However, in representative samples of fully processed alloys with the nominal chemical composition Fe -2.1 mass% Si -1 mass%Al, and 0.23 -0.27 mass% Mn, the typical MnS inclusions were not observed. Complex Mg-sulphide inclusions with various contents of magnesium completely replaced the MnS inclusions.
Moreover, magnesium was present in the primary and secondary formed inclusions, which were of endogeneous and exogeneous origin. The detected magnesium can originate from two sources: non-metallic additions to the molten steel during the processing and from refractories that contain magnesium oxide.
The primary inclusions were formed during the steelrefining process and were predominantly complex spinels of the MgO·Al2O3 and MgO·Al2O3-CaO type.
The secondary inclusions, formed during the solidification, were complex sulphides and oxysulphides. Moreover, during the production route of the non-oriented, electrical steel sheets, the magnesium also co-precipitated on other inclusions formed in the steel, e.g., AlN. The form of the coprecipitated magnesium inclusions was predetermined by the shape of the thermodynamically most stable inclusions.
The variable size of the non-metallic magnesium inclusions ranged from submicron to several micrometers in length. Most of the small, submicron inclusions were of spherical or polygonal shape. The bigger Mg inclusions were predominantly elongated in the rolling direction.
